Objectives-The purpose of this study was to examine the association of progressive versus stable peripheral arterial disease (PAD) with the risk of future cardiovascular disease (CVD) events.
recent studies using the ankle-brachial index (ABI), the ratio of the ankle to the arm blood pressure, and other noninvasive tests have shown the mortality association to be based largely on increased CVD, and independent of traditional CVD risk factors (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Most studies have used a dichotomous definition of PAD based on an ABI cut point of 0.90. Although some studies stratified ABI into additional categories for survival curve analysis, only a few have used additional ABI categories in full multivariate analysis. Many studies excluded patients with unusually high ABIs (e.g., ≥1.40), because such ABIs may reflect medial arterial calcification (MAC), which precludes accurate ABI assessment.
Previous studies of the association of PAD with other CVD outcomes used ABI at baseline, and did not address the potential additional significance of changes in ABI over time. The progression of PAD itself has received relatively little attention (16) (17) (18) (19) . The prognostic significance of PAD progression for incident CVD events is unknown.
In the present study, the association between PAD, as measured by the ABI, with CVD morbidity and mortality was assessed in a group of vascular laboratory patients. The association of Visit 2 ABI with incident CVD morbidity and mortality was first examined, and the additional prognostic significance of changes in ABI between Visits 1 and 2 was then explored.
Methods
Subjects were recruited for Visit 2 in 1990 to 1994 from patients who had been seen in the previous 10 years for noninvasive lower extremity arterial testing at the vascular laboratories of the San Diego Veterans Administration Medical Center (SDVAMC) or the University of California San Diego Medical Center (UCSDMC). Each patient's first vascular laboratory examination constituted Visit 1 for that patient. Of 2,265 patients having such visits, 481 were deceased and another 1,272 could not be located or declined to participate. Informed consent was obtained from the remaining 512 patients, who were examined for this study (Visit 2) . A previous analysis of this cohort found that participants had slightly less advanced PAD than did surviving nonparticipants and included a higher percentage of women (13% vs. 8%), but were similar with respect to age (17) .
At Visits 1 and 2, systolic brachial pressure was measured in both arms sphygmomanometrically with detection at the third finger by photoplethysmography, and ankle systolic blood pressure was similarly measured with detection at the toe (20, 21) . At Visit 2, subjects completed a health history questionnaire and the San Diego Claudication Questionnaire (SDCQ) (22) . Basic laboratory, anthropometric, and physiologic measurements were obtained. Information from the earliest prior vascular laboratory visit (Visit 1) was abstracted for all subjects. The ABI at Visit 1 was used to calculate the change in ABI in the period before Visit 2 (mean ± SD: 5.0 ± 2.4 years). Four subjects failed to provide a Social Security number, the primary identifier used for morbidity and mortality follow-up (see the following text); these subjects were excluded from subsequent analysis. This resulted in a final group of 508 subjects.
Mortality in the study cohort after Visit 2 was identified using Social Security Administration data available through the end of 2002. A certified nosologist coded the causes of death based on death certificates. CVD morbidity, defined as inpatient hospitalization, was identified from 2 sources. Electronic hospital admission records for study participants were obtained from the SDVAMC. In addition, hospitalizations were identified from data collected by the California Office of Statewide Health Planning and Development, which include all admissions to all nonfederal hospitals in the state. Hospital discharge codes have been shown to agree well with independent assessment for cardiovascular diagnoses in Medicare patients (23) . To protect patient privacy, data processing that involved the Office of Statewide Health Planning and Development data was carried out on remote secure servers by Health Information Solutions of Rocklin, California under contract with the Office of Statewide Health Planning and Development.
Three end points were analyzed: all cause mortality, CVD mortality, and combined CVD morbidity and mortality. Mortality was classified based on listed causes of death on the death certificate. Morbidity was classified based on the principal hospitalization diagnosis. A morbidity/mortality end point was identified as the earliest CVD morbidity or mortality event for a subject. CVD mortality and morbidity were identified by International Classification of Disease-9 (mortality) or International Classification of Disease-9-Clinical Modification (morbidity) codes in the range 401 to 437.9, excluding 412.
The ABI for each leg was computed as the ratio of the ankle pressure for that leg to the higher of the left and right brachial pressures. The higher brachial pressure was used because of the strong correlation between PAD and subclavian stenosis (24) . The lower ABI value of the 2 legs was used. The ABI was categorized into five ranges: <0.70, 0.70 ≤ ABI <0.90, 0.90 ≤ ABI <1.00, 1.00 ≤ ABI <1.40, and ≥1.40. In addition, the set of models evaluating PAD progression and outcome had the change in ABI from Visit 1, categorized into 3 ranges: <−0.15, −0.15 to +0.15, and >+0.15. This 0.15 cut point has been used to represent clinically significant ABI change in several studies (16) (17) (18) . In these latter models, subjects with Visit 1 or 2 ABI values ≥1.4 were excluded, since ABI change could be biased by MAC. The Visit 1 ABI value was also the lower of the 2 legs.
The following baseline cardiovascular risk factors were included in the analysis: age, gender, race (non-Hispanic white vs. other), high-density lipoprotein cholesterol, lowdensity lipoprotein cholesterol, (log) triglycerides, self-reported history of coronary heart disease (myocardial infarction, coronary artery bypass graft, or percutaneous transluminal coronary angioplasty), and self-reported history of stroke. Diabetes was included as a dichotomous variable based on plasma glucose ≥126 mg/dl among subjects reporting having fasted for 8 or more hours before their examination, or self-reported use of insulin or oral hypoglycemics (25) . Hypertension was included as a dichotomous variable based on systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or self-reported use of hypertension medication (26) . Smoking was included in models as 2 separate variables: pack-years and smoking status (current/former/never). The SDCQ was included as a 5-level categorical variable, based on the most symptomatic leg (22) . Models involving the change in ABI were also adjusted for the time elapsed between ABI measurements. At Visit 2, 32.9% of subjects reported earlier revascularization for PAD, which was coded as a dichotomous variable.
Subjects were tabulated by morbidity and mortality status, and age-adjusted mean values of risk factors were calculated within these groups. To test for proportional hazards over follow-up time, initially Cox models for the 3 end points (all-cause mortality, CVD mortality, and combined morbidity and mortality from CVD) were fit for 3-and 6-year durations from the time of Visit 2. The relative hazard for all-cause and CVD mortality decreased over time, so separate logistic models at 3 and 6 years of follow-up were used for mortality analyses. For combined CVD morbidity and mortality, hazards remained proportional during follow-up so Cox models were fit for full (6-year) follow-up only. The odds ratios from the logistic models and hazard ratios from the Cox models are both subsequently referred to as "risk" ratios. Visit 2 ABI was considered in a first set of models; Visit 2 ABI and change in ABI from Visit 1 were both included in a second set of models.
Simultaneous inclusion in models of the Visit 2 ABI category and the change category controls for regression to the mean and provides an estimate of the risk associated with ABI change independent of the Visit 2 ABI. All models were adjusted for the CVD risk factors previously described above. Separate gender-specific models were run for men only (numbers were too small for separate models for women). Models excluding subjects with previous revascularization for PAD were also fit and were compared with the models using statistical adjustment for revascularization for PAD. Separate models were also run for subjects with or without a history of coronary heart disease or stroke.
Smaller numbers necessitated simplified variables in these stratified models: the SDCQ was reduced to a single dichotomous variable (exertional leg pain, yes/no), and ABI was reduced to a 3-level variable (<0.70, 0.70 ≤ ABI <0.90, and 0.90 ≤ ABI <1.40) with values ≥1.40 excluded. These simplified models were also used to test for statistical interaction of history of coronary heart disease and stroke with ABI and ABI change in the whole cohort. Interactions of ABI and ABI change with history of revascularization for PAD were also modeled. All analyses were performed using SAS software (SAS Institute, Inc., Cary, North Carolina).
The study protocol was approved by the institutional review boards of SDVAMC and the University of California San Diego, and the California State Committee for the Protection of Human Subjects.
Results
Three years after Visit 2, 302 of 508 subjects (59.4%) were alive and had not been hospitalized for CVD (reference group). There were 121 (23.8%) who had been hospitalized for a principal diagnosis of CVD but had not died of CVD. Sixty-five (12.8%) were dead due to CVD, and the remaining 20 (3.9%) were dead from another cause without previous CVD hospitalization. Table 1 shows that subjects with CVD hospitalization and deceased subjects were somewhat older at baseline than subjects in the reference group. The groups did not differ significantly with respect to claudication symptoms. At baseline, the age-, gender-and ethnic-adjusted percentage of reference group subjects who had very low ABI (<0.70) was 32.2%; the corresponding proportion was significantly higher among subjects hospitalized for nonfatal CVD (44.3%; p < 0.05) as well as among subjects who died of CVD (63.2%; p < 0.0001). The adjusted proportion of patients with "normal" ABI (1.00 ≤ ABI <1.40) was higher in the reference group (39.4%) than it was among subjects hospitalized for nonfatal CVD (29.2%, p = 0.05) and among subjects dying of CVD (10.7%, p < 0.0001). The proportions of subjects in the other Visit 2 ABI categories did not differ significantly across groups.
Compared with the reference group, a significantly higher adjusted proportion of subjects hospitalized with nonfatal CVD had decreases in ABI of more than 0.15 between Visits 1 and 2 (20.2% vs. 11.0%, p < 0.05). This was even more pronounced for subjects who died of CVD (29.9%, p < 0.001). Table 2 compares the 4 morbidity/mortality groups on other risk variables. Compared with the reference group, subjects with CVD hospitalization and CVD decedents had significantly more hypertension and diabetes, as well as Visit 2 coronary heart disease. CVD decedents also had a greater stroke prevalence at Visit 2 (27.4% vs. 14.2%, p < 0.05).
Of 508 subjects, 482 (94.9%) had complete information on all adjustment variables and Visit 2 ABI and were included in the multivariate models presented in Figure 1 . The 26 subjects with missing data did not differ significantly from the other subjects with respect to age, gender, race, or Visit 2 ABI. 
all-cause mortality, CVD mortality, and CVD morbidity/mortality. All models were fully adjusted for CVD risk factors as well as claudication and peripheral revascularization history. Results for 3-and 6-year follow-ups are shown for mortality. Compared with subjects in the reference category (1.00 ≤ ABI <1.40), subjects with very low ABI (<0.70) had a significantly elevated risk of events for all end points at both 3-and 6-year follow-ups. Risk ratios ranged from 1.8 (p = 0.03) for 6-year all-cause mortality to 9.2 (p < 0.0001) for 3-year CVD mortality.
Subjects with low ABI (0.70 ≤ ABI < 0.90) had significantly elevated risks of 3-year allcause mortality (RR: 3.3, p < 0.01), 3-year CVD mortality (RR: 4.3, p = 0.01), and 6-year CVD morbidity/mortality (RR: 1.6, p < 0.05). Subjects with ABI in the 0.90 ≤ ABI <1.00 range had risk ratio estimates >1 for all end points and durations, but these results did not achieve statistical significance.
There were only 8 subjects in the high ABI category (≥1.40). Nonetheless, for 3-year CVD mortality, a statistically significant risk ratio of 8.6 (p = 0.03) was observed. Significantly elevated risk in the high ABI category was also observed for 6-year CVD morbidity/ mortality (RR: 2.5, p < 0.05). Risk ratio point estimates for all other end points and durations were >1, but did not achieve statistical significance. Table 3 shows risk ratios and p values for the change in ABI between Visits 1 and 2. Adjusted for Visit 2 ABI and other potential confounders, compared with an ABI change of <0.15, a decrease in ABI of >0.15 was significantly associated with 3-year all-cause mortality (RR: 2.4, p = 0.01) and 3-year CVD mortality (RR: 2.8, p < 0.01). Estimated risk ratios at 6 years were >1, but did not achieve statistical significance for any of the outcomes.
The ABI change models in Table 3 were adjusted for Visit 2 ABI using the categorical ABI variable. In the ABI change models, very low Visit 2 ABI (<0.70) was significantly associated with higher risk of all 3 outcomes at all durations except all-cause mortality at 6 years. Compared with the models in Figure 1 , the RR estimates for low and very low Visit 2 ABI were generally lower in Table 3 , suggesting that associations for Visit 2 ABI in Figure  1 were partially due to an ABI decline from Visit 1.
In multivariate models that excluded subjects who had undergone procedures for peripheral arterial disease before Visit 2 (not shown), the observed associations were similar in direction and magnitude to the models presented previously. This was also true of models in men only (not shown).
Separate models were also run based on history of coronary heart disease (CHD) or stroke. These stratified models also showed independent and significant contributions of Visit 2 ABI and change in ABI to CVD morbidity and mortality.
In models including statistical interaction between selected variables, ABI and ABI change demonstrated no significant interactions with history of CHD and stroke, corrected for the large number of potential interactions tested. The same was true of interactions of ABI with ABI change, and of ABI and ABI change with history of revascularization for PAD.
Discussion
The observed association of low ABI values with future risk of cardiovascular disease morbidity and mortality in the present study is generally consistent with that reported in other studies (1−15) , as is the predictive value of a high (≥1.40) ABI (14, 15, 27) .
In the present study, without including ABI change variables, RR point estimates increased monotonically with lower ABI, with the <0.70 category RR reaching statistical significance in all but 1 model. A number of studies have presented evidence for a dose-response relationship between lower ABI and future CVD events. In some cases this evidence was limited to Kaplan-Meier curves without full multivariate adjustment (6, 8, 9) . Using a Cox model with multivariate adjustment, Tsai et al. (12) reported a borderline significant trend for ABI categories for the end point of ischemic stroke. Other studies using Cox models with multivariate adjustment have found such a trend toward higher CVD risk in successively lower ranges of ABI, but did not find all the successive categories to be significantly different or, in some cases, even monotonically increasing (13) (14) (15) .
Decreases in ABI of more than 0.15 were associated with a significantly higher risk of events, independent of both Visit 2 ABI and time elapsed between Visits 1 and 2. In the present study, 16.7% of subjects had such decreases, suggesting that this is reasonably common in a vascular laboratory population. Since only two-thirds of subjects met a standard PAD definition at Visit 2, these results refer to overall progression of peripheral atherosclerosis in a vascular laboratory cohort, rather than progression of clinical PAD per se. It has been previously observed that progression of coronary atherosclerosis is predictive of subsequent coronary events (28, 29) . To our knowledge, the present study is the first to demonstrate the independent significance of PAD progression for incident CVD events.
Cronenwett et al. (16) compared patients whose PAD either remained stable or progressed, based on reduced walking tolerance. They found that the change in mean ABI over the observation period was significantly different in the 2 groups, with a larger decrease among the patients whose symptoms progressed, but that the mean ABI at the start of the period did not differ between the 2 groups. The same was true comparing patients undergoing surgery for PAD with those not having operations. Cronenwett concluded that initial ABI is "an unsuitable criterion to accurately predict outcome," but that "attention to a deteriorating ABI" is necessary to plan timely operative intervention. This parallels the association of change in ABI with CVD risk demonstrated in the present study, although in this study low ABI remained predictive in many models.
The ability of ABI to predict CVD outcomes even in a high-morbidity, high-mortality vascular laboratory population is itself a new finding; previously, this has been demonstrated in such a population only with respect to all-cause mortality (30) . This is of practical clinical interest, since at present most ABI measurements are taken in such settings.
In separate models, subjects with and without history of CHD or stroke showed associations similar to the whole group. Newman et al. (11) also reported associations between low ABI and CVD in separate analyses of subjects with and without a baseline history of disease. Although many earlier studies excluded subjects with baseline CVD, an association between PAD and adverse outcomes has been demonstrated in several cohorts consisting exclusively of subjects with CVD, such as myocardial infarction (31, 32) and angina patients (33) .
In most previous studies, high ABI values (e.g., ≥1.40) were excluded from analysis, because they were thought to be due to MAC, which makes arteries difficult to compress and yields erroneously high ankle blood pressures. MAC is most common in patients with diabetes and renal disease, and has been shown to be independently associated with cardiovascular disease morbidity and mortality in these groups (34, 35) . These findings are consistent with our results, and with results from population studies (14, 15, 27) . Thus, a high ABI predicts high CVD risk, perhaps because a majority of such patients have underlying PAD (36, 37) .
The present study has a number of potential limitations. Factors that predispose patients to participate in a clinical study may skew recruitment in unknown ways, although the available information on nonparticipants did not suggest strong selection effects (17) . Morbidity follow-up did not include hospitalization outside California or at Veterans Administration facilities other than SDVAMC, although these numbers are likely to be small. The time elapsed between the Visit 1 and 2 ABI measurements should ideally have been uniform. Since this was not feasible, models included adjustment for differences in the time elapsed between ABI measurements.
Conclusions
These data provide the first evaluation of the relation of PAD progression to subsequent CVD morbidity and mortality, and show a consistent and significant association, independent of the severity of PAD and traditional CVD risk factors. The present study also confirms the independent association of very low and low ABI (<0.70 and 0.70 ≤ ABI <0.90) with an increased risk of all-cause mortality, CVD mortality, and combined CVD morbidity/mortality, with a greater increase in risk in the lowest ABI group, as well as the association of high ABI values (≥1.40) with an increased CVD event risk. In addition to the known prognostic significance of a low ABI, and more recently, a high ABI, the evidence here shows a deteriorating ABI also independently carries a poor prognosis. Mortality model are logistic, morbidity/mortality model is Cox. Models adjusted for age, gender, race, body mass index, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, log triglycerides, diabetes, hypertension, pack-years smoking, smoking status (current/past/never), history of coronary heart disease, history of stroke, claudication status and history of surgery for peripheral artery disease. *p < 0.05; **p < 0.01; ***p < 0.001. ABI = ankle-brachial index; CVD = cardiovascular disease. * Mortality models are logistic; morbidity/mortality models are Cox. Models include Visit 2 ABI and ABI change and are adjusted for age, gender, race, body mass index, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, log triglycerides, diabetes, hypertension, pack-years smoking, smoking status (current/past/never), history of coronary heart disease, history of stroke, claudication status and peripheral revascularization. CI = confidence interval; RR = risk ratio; other abbreviations as in Table 1 .
